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Abstract 
We have demonstrated that the gel shift assay, a powerful method to study pro te in-DNA interactions under 
equilibrium conditions, is both an accurate and precise method to measure the affinity of anti-DNA. DNA immune 
complexes. One difficulty in performing gel shift assays is disruption of protein • DNA equilibria during the time 
needed for complexes to enter the gel matrix. However, we have found that highly cross-linked polyacrylamide gels, 
which are known to form non-restrictive matrices, do not perturb anti-DNA" DNA complexes. Using anti-ssDNA 
BV04-01 as a model antibody, we find good agreement between the dissociation constants (K d) measured in the gel 
shift assay using a 5.4% polyacrylamide gel cross-linked with 0.6% (bis)acrylamide, and those obtained previously by 
fluorescence quenching. Because gel shift assays require only nanogram quantities of analyte and can be performed 
in several hours, it is well suited for a range of anti-DNA binding studies. 
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1. Introduct ion 
A principal characterist ic  of  the au to immune  
disorder  systemic lupus ery thematosus  (SLE)  is 
antibodies that  recognize both  double-s t randed  
and single s t randed D N A  ( d s D N A  and ssDNA,  
respectively) (Koffler et al,, 1967, 1971, 1983; 
Voss and Casperson,  1988; Tan,  1989; Carson,  
1991). The  hypothesis  that  a n t i - D N A .  D N A  im- 
mune  complexes can media te  the renal  damage  
associated with SLE has st imulated efforts to 
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determine the fine specificity of anti-DNA and to 
elucidate the autoreactive epitopes on nucleic 
acid antigens (Swanson et al., 1994). On a funda- 
mental level such information should provide in- 
sight into the mechanism of clonal activation, and 
practically it may aid the development of new 
treatments for SLE, like antagonists of anti-DNA 
• DNA complexation (Ben-Chetrit et al., 1988). 
Although anti-DNA have been studied exten- 
sively, the affinity of these antibodies for DNA 
antigens is not well understood (Koffler et al., 
1967, 1971; Schwartz and Stollar, 1985; Pankewycz 
et al., 1987; Voss and Casperson, 1988; Sanford 
and Stollar, 1992). In part, this can be attributed 
to the methods used to characterize anti-DNA. 
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DNA complexes. For example, the enzyme-linked 
immunosorbent assay (ELISA), perhaps the most 
common technique used to measure the affinity 
of anti-DNA for DNA antigens, is prone to a 
range of artifacts many of which stem from the 
fact that solid-phase binding measurements en- 
hance weak (non-specific) interactions through 
cooperativity and statistical additivity (Jencks, 
1981; Stevens, 1987; Pesce and Michael, 1992; 
Seligman, 1994). 
Several laboratories have demonstrated that 
assays conducted at equilibrium circumvent many 
of the problems associated with ELISA and re- 
lated solid-phase assays. For example, Lee has 
found that by solid-phase radioimmunoassay 
monoclonal anti-dsDNA Jel 241 possesses roughly 
equal affinity for ssDNA and dsDNA, but when 
the measurements are repeated by equilibrium 
gel filtration, (non-specific) recognition of ssDNA 
is not observed (Lee et al., 1982). In addition, 
equilibrium assays have been used to evaluate the 
importance of bivalent cooperative binding 
(Papalian et al., 1980; Sanford and Stollar, 1992). 
For example, Braun and Lee have provided evi- 
dence that at least for some anti-DNA, bivalent 
binding affords a small energetic contribution to 
the stability of anti-DNA. DNA complexes at 
equilibrium (Braun and Lee, 1987). 
While equilibrium binding techniques have 
provided the clearest understanding of the stabil- 
ity of anti-DNA. DNA complexes, many equilib- 
rium assays like fluorescence quenching, gel fil- 
tration, and dialysis are limited by the amount of 
analyte required and the time needed to perform 
the measurements (Lee et al., 1982; Braun and 
Lee, 1987; Tetin et al., 1993). The gel shift assay 
independently introduced by both Crothers and 
Revzin is an attractive technique to study the 
affinity of proteins for DNA ligands under equi- 
librium conditions (Fried and Crothers, 1981, 
1984; Revzin et al., 1986; Revzin, 1990; Carey, 
1991). This assay can be performed in several 
hours, requires only nanogram quantities of both 
protein and DNA, and can measure dissociation 
constants (K d) below micromolar directly, or in 
the millimolar range by competition. 
The method entails application of a pre-equi- 
librated protein • DNA complex onto a non-dena- 
turing polyacrylamide gel. The free DNA rapidly 
enters the matrix while the migration of the com- 
plex is retarded due to the molecular weight of 
the protein. To determine K d values using the 
gel shift technique, a fixed concentration of DNA 
is titrated with an excess of protein, the bound 
and free DNA are separated, and the DNA con- 
centrations are subsequently quantified. In addi- 
tion, by varrying the salt concentration in the 
initial binding buffer (e.g., from 1 mM to 1 M 
NaCI), the ionic strength dependence on binding 
can also be measured (Weeks and Crothers, 1992; 
Swanson et al., 1994). Although the gel shift assay 
has proved useful for quantifying the stability of 
anti-DNA. DNA complexes (Chmielewsky and 
Schultz, 1991), disruption of the antibody. DNA 
equilibrium while the complex first enters the gel 
matrix has limited the use of this method. Here 
we describe a new gel matrix that overcomes this 
problem and demonstrate our results using anti- 
ssDNA BV04-01 (Ballard and Voss, 1985) as a 
representative test antibody. We find that the K d 
values measured using the gel shift assay are in 
quantitative agreement with the equilibrium K d 
values measured by fluorescence quenching. 
2. Materials and methods 
2.1. Ant ibody  and D N A  ligands. 
Affinity purified anti-ssDNA BV04-01 
(IgG2b,K; Ballard and Voss, 1985) was generously 
provided by E.W. Voss, Jr. DNA ligands were 
synthesized on a MilliGen/Biosearch Cyclone 
Plus instrument and were purified by reversed- 
phase HPLC as previously described (Stevens et 
al., 1993; Swanson et al., 1994). DNA samples 
were 5' end labeled with [y-32p]ATP using T4 
polynucleotide kinase and were purified on 20% 
polyacrylamide non-denaturing gels (Maxam and 
Gilbert, 1980). 
2. 2. Gel  shif t  assay. 
Non-denaturing polyacrylamide gels consisting 
of acrylamide (5.4%), N,N'-methylene-(bis)acryl- 
amide (0.6%), ammonium persulfate (0.05%), and 
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N,N,N' ,N'- te tramethylethylenediamine (0.057%) 
were cast in a Hoefer Tall Mighty Small appara- 
tus (10 cm × 12 cm x 0.75 mm). One hour after 
polymerization, the gels were pre-electro- 
phoresed (4°C) at 106 V until the current was 
constant with time, which was typically 1 h. Dis- 
sociation constant titrations were conducted by 
incubating samples of BV04-01 (ten-fold on ei- 
ther side of the dissociation constant) with la- 
beled DNA (0.1 nM) at 22°C for 1 h in TBE 
binding buffer (89 mM Tris. HCI, 89 mM boric 
acid, 2.5 mM EDTA, 150 mM NaC1, 5% sucrose 
(w/v), pH 8.3, 5/zl total volume). The reactions 
were then loaded onto a gel at 300 V for 90 s 
during which time the samples entered the ma- 
trix. Electrophoretic separation of the bound and 
free DNA was then conducted at 106 V for 30 
min at 4°C. The gels were autoradiographed at 
-80°C for 16 h and DNA concentrations were 
quantified by densitometry using a molecular dy- 
namics personal densitometer running the IM- 
AGEQUANT software package. The data were 
fit via nonlinear least-squares regression to the 
single site binding isotherm: 
%free DNA = K d / ( K  a + [antibody]) (1) 
From equation 1, the apparent K a corre- 
sponds to the protein concentration at which half 
the DNA is bound (Revzin, 1990). All measure- 
ments were performed in triplicate and the error 
represents the error to the curve fit (Stevens et 
al., 1993). 
3. Results and discussion 
One problem often encountered in gel shift 
assays is disruption of protein. DNA equilibria as 
the complex enters the gel matrix (Carey, 1991). 
This phenomenon arises because of unfavorable 
steric interactions between the complex and the 
gel matrix and leads to 'smearing' of the free 
DNA band, making data analysis difficult. The 
most common way to circumvent this problem is 
to decrease the degree of cross-linking in the gel 
to afford a less restrictive matrix. Yet we have 
found that gels containing very low amounts of 
cross-linking reagent (e.g., 63:1 acrylamide to 
(bis)acrylamide) still disrupt anti-DNA. DNA 
complexes. Stollar has addressed this problem 
using a system analogous to the 'stacking-resolv- 
ing' gels used for protein separations (Sanford et 
al., 1988). Specifically, a 4% polyacrylamide gel 
cross-linked at a ratio of 32:1 acrylamide to 
(bis)acrylamide was poured on top of a 15% gel 
cross-linked at 19:1 ratio. Here the upper gel is 
designed to provide a matrix that allows the com- 
plex to enter the gel. However, in our hands this 
system still disrupts anti-DNA. DNA equilibria 
and K d values cannot be measured accurately 
(Fig. 1). 
Interestingly, at very high cross-linking ratios 
the fibers in the polyacrylamide gels supercoil 
and present less of a hindrance to mobility 
(Chrambach, 1985). For example, a 1 MDa pro- 
tein migrates freely in a 6% polyacrylamide gel 
containing a 9:1 ratio of acrylamide to 
(bis)acrylamide. Indeed, we have found that gels 
with a high degree of cross-linking do not perturb 
anti-DNA. DNA equilibria and in principle are 
ideal to measure K a values of anti-DNA. DNA 
complexes using the gel shift assay. For example, 










Fig. 1. Densitometry trace of a BVf)4-01 .DNA complex elec- 
trophoresed using the stacking-resolving gel system (Sanford 
et al., 1988). Although the bound DNA runs as a Gaussian- 
shaped peak, the free DNA appears as two unresolved peaks, 
which results from dissociation of the complex. The area 
under the arrow denotes DNA from dissociation of the com- 
plex. In principle, differences between the ionic strength of 
binding buffer and the running buffer/gel matrix can affect 
protein.DNA complexes during the assay dead time. How- 
ever, this is generally not a problem (Carey, 1991; Weeks and 
Crothers 1992; Swanson et al., 1994). This would also give rise 
to smearing which is readily apparent. 








Fig. 2. Densitometry trace of BV04-01. DNA complex elec- 
trophoresed on a 5.4% polyacrylamide gel containing a 9:1 
ratio of acrylamide to (bis)acrylamide. In contrast to the data 
presented in Fig. 1, both the bound and free DNA bands run 
as well-resolved Gaussian-shaped peaks which suggests that 
the gel matrix does not dirupt the complex. 
omet ry  plot shown in Fig. 2 shows that  both  the 
free and bound  D N A  appear  as distinct Gauss-  
ian-shaped peaks  which can be cleanly integrated.  
W e  next employed  a highly cross-linked poly- 
acrylamide matrix in gel shift assays to examine 
the specificity and affinity of  an t i - s sDNA BV04-01 
toward a panel  of  s s D N A  homopolymers .  We  
chose this monoclonal  ant ibody for our  initial 
exper iments  because  its binding propert ies  have 
previously been  examined in detail, both by 
solid-phase techniques  (Ballard and Voss, 1985) 
and by f luorescence quenching conduc ted  at 
equil ibrium (Tetin et al., 1993). The  results f rom 
the gel shift affinity t i trations indicate that  BV04- 
01 binds oligo(T) t ighter than the o ther  three 
homopolymers  and is consistent  both with solid- 
phase  and equil ibrium binding data  (Table 1 (A), 
Fig. 3). However ,  our  findings also indicate that  
BV04-01 possesses a modes t  affinity for oligo(dG), 
a result  that  is not  found  in solid-phase assays, 
but  is observed by equil ibrium f luorescence 
quenching (Tetin et al., 1993). 
The  affinity differences between the ho- 
mopolymer  ligands may reflect e i ther  a large in- 
trinsic preference  for thymidine or  small varia- 
t ions in affinity for the four  bases that  are ampli- 
fied th rough  statistical b inding additivity (Jencks, 
1981). This latter hypothesis  is suppor ted  by the 
finding that  BV04-01 binds short  thymidine 
Table 1 
Apparent dissociation constants for BV04-01.DNA com- 
plexes (K d values are/~M per IgG binding site) 
A B 
A21 > 20 A8AsA 8 > 20 
C21 15 _+ 2 A8CsA 8 > 20 
G]5 0.14+0.014 AsGsA 8 6.1+0.4 
T21 0.00445:0.00042 AsTsAs 3.7+0.3 
The data were obtained as described in the materials and 
methods section. A: BV04-01 .homopolymer complexes. GlS 
was used because G2l is not synthetically accessible. B: BV04- 
01 .epitope complexes. Binding to just the N 5 epitope was 
confirmed by DNA footprinting (data not shown). See text for 
discussion. 
ol igomers (Ballard and Voss, 1985), so that  the 
Nzl ligands must  possess multiple overlapping 
binding sites with respect  to BV04-01 recognition. 
To distinguish between these two possibilities we 
measured  binding to ligands that  contain only a 
single pentanucleot ide  D N A  epitope,  specifically, 
As -Ns -A  8. In  designing these constructs we se- 
lected to flank the binding epi tope (N 5) with A s 
because it does not  bind to BV04-01. In  addition, 
0 . 7 5  
% Free 0.5 
DNA 
0 . 2 5  
0 I I [ [ 
0 0 . 3  0 . 7  1 1 .4  
[BV04-0U. pM 
Fig. 3. Representative binding isotherm. Each data point (in 
this case for BV04-01"G~5) represents the average from three 
different binding titrations. These data were fit using equation 
1, and afforded a K d of 137+14 nM (xe = 0.03). Since the 
K d values obtained using equation 1 assume that the concen- 
tration of the complex is small, the lowest protein concentra- 
tion used in the binding titrations is 100-fold greater than the 
DNA concentration (Carey, 1991). 
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21-mers were chosen rather than just N 5 so the 
number of phosphate groups would be identical 
to the 21-base long homopolymers, thereby ac- 
counting for any non-specific electrostatic inter- 
actions. The data in Table 1 (B) show that affinity 
of BV04-01 for the N 5 epitopes is greatest for T 5 
followedby dG 5 > dC 5 >> dAs, in good agree- 
ment with the equilibrium K o values measured 
by fluorescence quenching (Tetin et al., 1993). 
With the exception of adenosine, the differences 
in affinity between the bases is relatively small 
compared to binding of the N21 ligands. These 
results suggest that the large differences in affin- 
ity between the homopolymer ligands arise from 
small differences in binding free energy that are 
amplified by statistical additivity (Jencks, 1981). 
To summarize, we have demonstrated that the 
gel shift assay can be used to study the affinity 
and specificity of anti-DNA. Using anti-ssDNA 
BV04-01 as a representative antibody, we find 
that the affinities observed using the gel shift 
assay are in qualitative agreement with previous 
ELISA data for this antibody and are in close 
quantitative agreement with K d values measured 
by fluorescence quenching. In more recent exper- 
iments we have used the gel shift assay to mea- 
sure equilibrium binding constants for a panel of 
ten IgG murine monoclonal anti-DNA of varrying 
isotype, possessing affinity for either ssDNA or 
dsDNA (Swanson and Glick, manuscript in 
preparation). Again we find that the K d values 
obtained with the gel shift assay (between 0.3 nM 
and 1 p.M) correspond well with binding con- 
stants measured by fluorescence quenching. Thus 
we believe that the gel shift assay compliments 
the exisiting methodology to study anti-DNA- 
DNA interactions, and should be quite useful in 
addressing more quantitative aspects of immune 
complex formation and stability. 
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